The Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (0 ≤ x ≤ 0.567) series of cation-deficient scheelites is investigated to unveil the influence of the cation vacancies on the crystal structure and luminescent properties. The concentration of the vacancies is varied by the heterovalent substitution of Gd 3+ for Ca 2+ , keeping the concentration of the Eu 3+ luminescent centers constant in all compounds of the series. The crystal structure of the materials is studied using a combination of transmission electron microscopy and synchrotron X-ray powder diffraction. However, the difference in the local coordination environment of the A cation species noticeably affects the line width and the multiplet splitting of the 4f 6 -4f 6 transitions.
Introduction
The basic scheelite structure has composition ABO4 (CaWO4) and a tetragonal symmetry (space group I41/a). It is based on a framework of corner sharing AO8 and BO4 polyhedra. The structure can accommodate a variety of chemical species in both A-and B-cation sublattices, which gives rise to a plethora of different compounds with a general composition (A',A'')a[(B',B'')O4]b, where A', A'' can be alkali, alkali-earth or rare-earth cations and B', B'' are typically W 6+ , Mo 6+ or other cations with tetrahedral coordination. Scheelites containing rare-earth cations demonstrate luminescent properties and can be used in pc-WLEDs (phosphor-converted white-light-emitting-diode) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Compounds with Eu 3+ as luminescent centers produce intense red light. However, the application of these materials is hampered by the weak absorption strength of the parity forbidden 4f 6 -4f 6 transitions, which limits the excitation of Eu 3+ with blue or near-UV light [16] . This problem can be partially alleviated by increasing the optical path length or by increasing the concentration of luminescent centers [17] . However, at high concentrations the internal quantum efficiency decreases owing to the energy transfer to non-radiative defect centers, i.e. so-called concentration quenching. In this regard, the local coordination environment of the Eu 3+ species can play an important role in the performance of the material, because it can affect the excitation energy transfer.
Cation ordering is one of the prominent factors controlling the local coordination environment of the A cations, and thus that of Eu 3+ . However, in stoichiometric scheelites (a = b in the formula), ordering between the A'/A'' cations is rare. Typically, it is realized when the ionic radius of A' is about 0.35 Å larger than that of A'', provided that the A' cation has a formal charge larger than that of A'' [18] [19] [20] [21] [22] [23] [24] . On the other hand, scheelite-based materials can accommodate a large amount of vacancies in the A sublattice (compounds with a < b) [25] [26] [27] [28] [29] In these structures, A'/A'' cation ordering is more common, because it is also coupled to the ordering between cations and vacancies; and can occur for the A'/A'' ionic radii differences as low as ∼ 0.1 Å. Typically this results in the formation of incommensurately modulated structures with pronounced occupational modulation [27, 29] .
Recently we investigated a CaGd2(1-x)Eu2x(MoO4)4(1-y)(WO4)4y (0 ≤ x ≤ 1, 0 ≤ y ≤ 1) family of cation deficient scheelites [18, 30, 31] . 
Experimental section
Samples of Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (x = 0, 0.1, 0.2, 0.3, 0.4, and 0.567) were synthesized by a solid state reaction from a stoichiometric mixture of CaCO3, Gd2O3, Eu2O3 and WO3 (99.99%) at 823 K for 10 h followed by annealing at 1273 K for 96 h.
Laboratory X-ray powder diffraction (XRD) was used for monitoring the completeness of the reaction and for preliminary analysis of the evolution of the Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (0 ≤ x ≤ 0.567) structures with x. The data were collected on a Huber G670 Guinier diffractometer (CuKα1 radiation, curved Ge(111) monochromator, transmission mode, image plate).
High-resolution synchrotron X-ray powder diffraction (SXPD) data for the crystal structure refinement were collected at 300 K at the ID22 (former ID31) beamline of the European Synchrotron Radiation Facility (ESRF, Grenoble) at wavelength λ = 0.39996 Å in the 2θ range 1−40°. The powder sample was thoroughly ground and placed in a thin-walled borosilicate glass capillary of about 0.3 mm in diameter, which was spun 6 during the experiments. The crystal structures were refined using the Rietveld method.
All crystallographic analyses were done in the JANA2006 package [32] .
Samples for electron microscopy were prepared by grinding the powder in a mortar under ethanol and putting a few drops of the dispersion onto holey carbon TEM grids.
Selected area electron diffraction (ED) patterns were recorded on a Philips CM20 transmission electron microscope operated at 200 kV. Dark field TEM images and high resolution TEM images were recorded on an FEI Tecnai Osiris microscope operated at 200 kV. High angle annular dark field scanning transmission electron microscopy (HAADF-STEM) images were acquired on a probe aberration corrected FEI Titan 3 80-300 at 300 kV.
Luminescence emission and excitation spectra were obtained with a FS920
spectrometer (Edinburgh Instruments), using a 450 W xenon light source, double excitation monochromator and a R928P photomultiplier connected to the emission monochromator. Photoluminescence spectra of all samples were measured under the same conditions. The measurements were performed at room temperature unless stated otherwise and corrected for the sensitivity of the spectrometer. Decay profiles were collected using an Andor intensified CCD (Andor DH720) connected to a 500 mm spectrograph, combined with a dye laser as excitation source. Temperature dependent measurements were performed using an Oxford Optistat CF cryostat.
Results

Preliminary characterization
The most intense peaks in the XRD patterns of the Ca0.85- Fig. 1 ). These reflections are attributed to cation-vacancy ordering and the formation of modulated structures [20, 22, 26, [28] [29] [30] . 
TEM study
Typically, occupational modulations in scheelite-based structures are confined to the ab planes, so that the ED taken along the [001] zone axis are the most informative [20, 22, 26, [28] [29] [30] . 
Crystal structure refinement
The crystal structure of the Ca0.85-1.5xGdxEu0.10. are infinite possibilities to combine these species to produce the same total scattering density. To establish the distribution of the elements we used the procedure introduced by Abakumov et al [18] . First, the modulation of the total scattering density was refined using effective atomic species with the atomic number corresponding to the average atomic number of the cations occupying the A positions. Then, the admissible combinations of the p1 λ amplitudes for Ca 2+ and rare-earth cations were determined and certain values were accepted for further refinement. The details of this procedure are provided in Supporting Information.
In both the x = 0.3 and 0.4 structures, the displacive modulation was fitted with first order harmonic functions, since only the satellites of the first order were observed on the SXPD patterns. Parameters of the modulation functions that did not exceed their standard deviations were fixed to 0 in the refinement. Identical atomic coordinates and atomic displacement parameters (ADPs) were refined for the Ca, Gd and Eu atoms.
The experimental, calculated, and difference SXPD profiles after the Rietveld refinement are shown in Fig. 5 . The crystallographic information is given in Table 1 ; the atomic parameters, coefficients of the modulation functions and main interatomic distances are given in Supporting Information, Tables S2-S7.
Luminescent properties
Fig . 6 demonstrates the room temperature excitation (top; λem = 615 nm) and emission (bottom; λexc = 395 nm) spectra for Ca0.85-1.5xGdxEu0.10.05+0.5xWO4 (x = 0.1 -0.567). The excitation spectra consists of a broad band in the low wavelength region, which can be assigned to the charge-transfer state (250-310 nm) and Eu 3+ 4f 6 -4f 6 transitions between 300 and 400 nm [35] . nm. Both decay profiles can be fitted using monoexponential functions with the corresponding decay constants τ = 10 μs ( 5 D1 emission) and τ = 550 μs ( 5 D0 emission).
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During the first few microseconds, the profiles deviate from the fitted model. The origin of this effect will be discussed below.
Discussion
The heterovalent substitution of Gd 3+ and Eu 3+ for Ca (Fig. 9e,f) .
Considering the luminescent properties of the materials, the decay profiles of the 5 D0 emission (Fig. 11 ) for all investigated samples are monoexponential with a decay constant τ of about 550 µs. Very similar decay times for different x reflect a similar internal quantum efficiency for all compounds. Apparently the changing structure does not significantly affect the involved energy transfer processes. During the first few µs after the excitation, the intensity of the emission coming from the 5 D0 level (Fig. 11, top) and 5 D1 level (Fig. 11 , bottom) increases due to a continuous feeding from higher energy levels. The rise of the 5 D1 emission can be attributed to feeding from the 5 D2 level, because levels with even higher energy exhibit a decay too fast to be detected, presumably via multiphonon relaxation. As the time scale of the emission increases and the decays sufficiently differ from each other, the decay profile can be fitted with the following expression:
where τ1 = 10 µs and τ2 = 1 µs [37] . The latter is of the same order as the decay component of the emission coming from the 5 D2 level (not shown), proving the feeding of the 5 D1 level via the 5 D2 level. For the emission coming from the 5 D0 level, two contributions can be distinguished during the initial increase, so an extra component has to be added, leading to:
This approximation is only valid if τ1 >> τ2, τ3, which is indeed the case, as τ1 = 550 µs, τ2 = 6.5 µs and τ3 = 1 µs. The decay component τ3 here can again be linked to a feeding mechanism from the 5 D2 level, whereas τ2 is the manifestation of the feeding from the 5 D1 level. Apparently, this demonstrates the partial relaxation from the 5 D2 to The changes in the emission spectra can be correlated with the transformations of the Eu 3+ coordination environment [39] . The x = 0.1 material adopts an ideal tetragonal scheelite structure with random distribution of Ca, (Eu,Gd) and cation vacancies. The Fig. 1 ). Since this material is isostructural to Eu2/3WO4, one can assume that the AO8 polyhedra in this structure have very distinct geometry also with eight independent A-O distances, but they do not change across the structure.
Consistently with the described changes in the Eu 3+ local coordination environment, 
